Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was discovered in Wuhan, China, in late 2019, and coronavirus disease 2019 (Covid-19), the disease caused by SARS-CoV-2, rapidly evolved into a global pandemic.^[@r1]^ As of June 15, 2020, there were more than 8.03 million confirmed cases worldwide, with total deaths exceeding 436,900.^[@r2]^ In Europe, Italy and Spain were severely affected early on, with epidemic peaks starting in the second half of February 2020 ([Figure 1](#f1){ref-type="fig"}) and 61,507 deaths reported by June 15, 2020. Covid-19 has varied manifestations,^[@r3]^ with the large majority of infected persons having only mild symptoms or even no symptoms.^[@r4]^ Mortality rates are driven predominantly by the subgroup of patients who have severe respiratory failure related to interstitial pneumonia in both lungs and acute respiratory distress syndrome.^[@r5]^ Severe Covid-19 with respiratory failure requires early and prolonged support by mechanical ventilation.^[@r6]^

The pathogenesis of severe Covid-19 and the associated respiratory failure is poorly understood, but higher mortality is consistently associated with older age and male sex.^[@r7],[@r8]^ Clinical associations have also been reported for hypertension, diabetes, and other obesity-related and cardiovascular disease traits, but the relative role of clinical risk factors in determining the severity of Covid-19 has not yet been clarified.^[@r7]^ Observational data on lymphocytic endotheliitis and diffuse microvascular and macrovascular thromboembolic complications suggest that Covid-19 is a systemic disease that involves injury to the vascular endothelium but provide little insight into the underlying pathogenesis.^[@r12]^ At the peak of the epidemic in Italy and Spain in early 2020, we performed a genomewide association study (GWAS) in an attempt to delineate host genetic factors contributing to severe Covid-19 with respiratory failure. The relatively low disease burden of Covid-19 in Norway and Germany allowed for a complementary team to be set up, whereby genotyping and analysis could occur in parallel with the rapid recruitment of patients in the heavily affected Italian and Spanish epicenters.

Methods {#sc1}
=======

Study Participants and Recruitment {#sc1.1}
----------------------------------

We recruited 1980 patients with severe Covid-19, which was defined as hospitalization with respiratory failure and a confirmed SARS-CoV-2 viral RNA polymerase-chain-reaction (PCR) test from nasopharyngeal swabs or other relevant biologic fluids, cross sectionally, from intensive care units and general wards at seven hospitals in four cities in the pandemic epicenters in Italy and Spain (Table S1A in [Supplementary Appendix 1](#ap1){ref-type="app"}, available with the full text of this article at NEJM.org). The hospitals in Italy were the following: Fondazione IRCCS Cá Granda Ospedale Maggiore Policlinico in Milan (597 patients); Humanitas Clinical and Research Center, IRCCS, in Milan (154 patients); and UNIMIB (Università degli Studi di Milano--Bicocca) School of Medicine, San Gerardo Hospital, in Monza (a suburb of Milan) (200 patients). The hospitals in Spain were the following: Hospital Clínic and IDIBAPS (Instituto de Investigaciones Biomédicas August Pi i Sunyer) in Barcelona (56 patients), Hospital Universitario Vall d'Hebron in Barcelona (337 patients), Hospital Universitario Ramón y Cajal in Madrid (298 patients), and Donostia University Hospital in San Sebastian (338 patients).

Respiratory failure was defined in the simplest possible manner in order to ensure feasibility: the use of oxygen supplementation or mechanical ventilation, with severity graded according to the maximum respiratory support received at any point during hospitalization (supplemental oxygen therapy only, noninvasive ventilatory support, invasive ventilatory support, or extracorporeal membrane oxygenation). For severity assessments, severity was also dichotomized as no mechanical ventilation or mechanical ventilation. Whole-blood samples or buffy coats from diagnostic venipuncture were obtained for DNA extraction.

For comparison, we included 2381 control participants from Italy and Spain (Table S1B in [Supplementary Appendix 1](#ap1){ref-type="app"}). We recruited 998 randomly selected blood donors at Fondazione IRCCS Cá Granda Ospedale Maggiore Policlinico, Milan, who underwent genotyping for the purpose of the present study. A total of 40 of these participants had evidence of the development of anti--SARS-CoV-2 antibodies, all of whom had mild or no Covid-19 symptoms. We also included two control panels with genotype data derived from previous studies and from persons with unknown SARS-CoV-2 infection status using the same genotyping array. The panels included 396 healthy volunteers, blood donors, and outpatients of gastroenterology departments in Italy^[@r15]^ and 987 healthy blood donors in San Sebastian, Spain.

Ethics Committee Approval {#sc1.2}
-------------------------

The project protocol involved the rapid recruitment of patient-participants and no additional project-related procedures (we primarily used material from clinically indicated venipunctures) and afforded anonymity, owing to the minimal data set collected. Differences in recruitment and consent procedures among the centers arose because some centers integrated the project into larger Covid-19 biobanking efforts, whereas other centers did not, and because there were differences in how local ethics committees provided guidance on the handling of anonymization or deidentification of data as well as consent procedures. Written informed consent was obtained, sometimes in a delayed fashion, from the study patients at each center when possible. In some instances, informed consent was provided verbally or by the next of kin, depending on local ethics committee regulations and special policies issued for Covid-19 research. For some severely ill patients, an exemption from informed consent was obtained from a local ethics committee or according to local regulations in order to allow the use of completely anonymized surplus material from diagnostic venipuncture.

The following approvals of the project were obtained from the relevant ethics committees: Germany: Kiel (reference number, D464/20); Italy: Fondazione IRCCS Cá Granda Ospedale Maggiore Policlinico (reference numbers, 342_2020 for patients and 334-2020 for control participants), Humanitas Clinical and Research Center, IRCCS (reference number, 316/20), the University of Milano--Bicocca School of Medicine, San Gerardo Hospital, Monza (the ethics committee of the National Institute of Infectious Diseases Lazzarro Spallanzani reference number, 84/2020); Norway: Regional Committee for Medical and Health Research Ethics in South-Eastern Norway (reference number, 132550); Spain: Hospital Clínic, Barcelona (reference number, HCB/2020/0405), Hospital Universitario Vall d'Hebron, Barcelona (reference number, PR\[AG\]244/2020), Hospital Universitario Ramón y Cajal, Madrid (reference number, 093/20) and Donostia University Hospital, San Sebastian (reference number, PI2020064).

Sample Processing, Genotyping, and Imputation {#sc1.3}
---------------------------------------------

We performed DNA extraction using a Chemagic 360 (PerkinElmer) with the use of the low-volume kit CMG-1491 and the buffy-coat kit CMG-714 (Chemagen), respectively. For genotyping, we used the Global Screening Array (GSA), version 2.0 (Illumina), which contains 712,189 variants before quality control. Details on genotyping and quality-control procedures are provided in the Supplementary Methods section in [Supplementary Appendix 1](#ap1){ref-type="app"}. To maximize genetic coverage, we performed single-nucleotide polymorphism (SNP) imputation on genome build GRCh38 using the Michigan Imputation Server and 194,512 haplotypes generated by the Trans-Omics for Precision Medicine (TOPMed) program (freeze 5).^[@r16]^

After the exclusion of samples during quality control (the majority of which were due to population outliers; see the Supplementary Methods section and Table S1B and S1C), the final case--control data sets comprised 835 patients and 1255 control participants from Italy and 775 patients and 950 control participants from Spain. A total of 8,965,091 SNPs were included in the Italian cohort and 9,140,716 SNPs in the Spanish cohort.

Statistical Analysis {#sc1.4}
--------------------

To take imputation uncertainty into account, we tested for phenotypic associations with allele dosage data separately for both the Italian and Spanish case--control panels with the use of the PLINK logistic-regression framework for dosage data (PLINK, version 1.9).^[@r17]^ We carried out two genomewide tests of association that included covariates from principal-component analyses, with adjustments to control for potential population stratification (main analysis) and potential population stratification and age and sex bias (analysis corrected for age and sex). A fixed-effects meta-analysis was conducted with the use of the meta-analysis tool METAL^[@r18]^ on 8,582,968 variants that were common to both the Italian and Spanish data sets with the use of effect-size estimates and their standard errors from the study-specific association analyses.

For the genomewide meta-analysis, we used the commonly accepted threshold of 5×10^−8^ for joint P values to determine statistical significance. Bayesian fine-mapping analysis was performed for loci reaching genomewide significance (see the Supplementary Methods section). Genomewide summary statistics of our analyses are publicly available through our web browser ([www.c19-genetics.eu](http://www.c19-genetics.eu)) and have been submitted to the European Bioinformatics Institute ([www.ebi.ac.uk/gwas](https://www.ebi.ac.uk/gwas/); accession numbers, [GCST90000255](http://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistics/GCST90000255/) and [GCST90000256](http://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistics/GCST90000256/)).

On the basis of the results from the TOPMed genotype imputation, we selected three *ABO* SNPs (rs8176747, rs41302905, and rs8176719)^[@r19],[@r20]^ to infer the ABO blood type and calculated odds ratios according to blood type (A vs. B, AB, or O; B vs. A, AB, or O; AB vs. A, B, or O; and O vs. A, AB, or B) (see the Supplementary Methods). To assess in detail the HLA complex at locus 6p21, we performed sequencing-based HLA typing of seven classical HLA loci (*HLA*-*A*, -*C*, -*B*, -*DRB1*, -*DQA1*, -*DQB1*, and -*DPB1*) in a subgroup of 835 patients and 891 control participants from Italy and 773 patients from Spain (see the Supplementary Methods). We also assessed allelic distribution according to no mechanical ventilation (supplemental oxygen only) as compared with mechanical ventilation of any type. A similar assessment was made for lead SNPs rs11385942 and rs657152 at loci 3p21.31 and 9q34.2, respectively.

Results {#sc2}
=======

Patients, Genotyping, and Quality Control {#sc2.1}
-----------------------------------------

The milestones of the study in the context of the peak outbreaks in Italy and Spain are shown in [Figure 1](#f1){ref-type="fig"}. Data on the age, sex, maximum respiratory support at any point during hospitalization, and relevant coexisting conditions (type 2 diabetes, hypertension, and coronary heart disease) in the patients who were included in the final analysis are shown in [Table 1](#t1){ref-type="table"} and in Table S2 in [Supplementary Appendix 1](#ap1){ref-type="app"}. Because we used the same genotyping platform (GSA) to obtain both data sets, we were able to perform a uniform quality control of the merged Italian and Spanish SNP data sets, thus reducing technical confounders to a minimum. A quantile--quantile (Q-Q) plot of the two meta-analyses (the main analysis and the analysis corrected for age and sex) showed significant associations in the tail of the distribution with minimal genomic inflation (λ~GC~=1.015 for main analysis and λ~GC~=1.006 for analysis corrected for age and sex) (Fig. S2 in [Supplementary Appendix 1](#ap1){ref-type="app"}). We also carried out separate association analyses for the Italian and Spanish data sets (see the Supplementary Methods section and Fig. S3).

Genomewide Association Analysis {#sc2.2}
-------------------------------

We found two loci to be associated with Covid-19--induced respiratory failure with genomewide significance (P\<5×10^−8^) in the main meta-analysis: the rs11385942 insertion--deletion GA or G variant at locus 3p21.31 (odds ratio for the GA allele, 1.77; 95% confidence interval \[CI\], 1.48 to 2.11; P=1.15×10^−10^) and the rs657152 A or C SNP at locus 9q34.2 (odds ratio for the A allele, 1.32; 95% CI, 1.20 to 1.47; P=4.95×10^−8^) ([Figure 2](#f2){ref-type="fig"} and [Table 2](#t2){ref-type="table"} and [Supplementary Appendix 2](#ap2){ref-type="app"}, available at NEJM.org). Both loci showed nominally significant association in both the Spanish and Italian subanalyses ([Table 2](#t2){ref-type="table"}). The meta-analysis association results for recessive and heterozygous genetic models for the two meta-analyses (main analysis and the analysis corrected for age and sex) are provided in [Supplementary Appendix 3](#ap3){ref-type="app"}, available at NEJM.org. The imputation quality of the associated markers was good ([Table 2](#t2){ref-type="table"} and [Supplementary Appendix 2](#ap2){ref-type="app"}), and manual inspection of genotype cluster plots of genotyped SNPs in these regions showed distinct genotype clouds for homozygous and heterozygous calls (Fig. S4 in [Supplementary Appendix 1](#ap1){ref-type="app"}). Furthermore, the analyses that were corrected for age and sex corroborated the observations at both rs11385942 (meta-analysis odds ratio, 2.11; 95% CI, 1.70 to 2.61; P=9.46×10^−12^) and rs657152 (meta-analysis odds ratio, 1.39; 95% CI, 1.22 to 1.59; P=5.35×10^−7^) ([Table 2](#t2){ref-type="table"} and Fig. S5 in [Supplementary Appendix 1](#ap1){ref-type="app"}).

The allele frequencies in Spanish and Italian control data sets from previously published studies^[@r21]^ are consistent with those we report here ([Supplementary Appendix 2](#ap2){ref-type="app"}). A further 24 different genomic loci showed suggestive evidence (P\<1×10^−5^) for association with Covid-19--induced respiratory failure in the main analysis ([Supplementary Appendix 4](#ap4){ref-type="app"}, available at NEJM.org, and Fig. S6 in [Supplementary Appendix 1](#ap1){ref-type="app"}). Association signals at loci 3p21.31 and 9q34.2 were fine-mapped to 22 and 38 variants, respectively, with greater than 95% certainty ([Figure 3A and 3B](#f3){ref-type="fig"} and [Supplementary Appendix 5](#ap5){ref-type="app"}, available at NEJM.org).

Chromosome 3p21.31 {#sc2.3}
------------------

The association signal at locus 3p21.31 comprised six genes (*SLC6A20*, *LZTFL1*, *CCR9*, *FYCO1*, *CXCR6*, and *XCR1*) ([Figure 3A](#f3){ref-type="fig"}). The risk allele GA of rs11385942 is associated with reduced expression of *CXCR6* and increased expression of *SLC6A20*, and *LZTFL1* is strongly expressed in human lung cells (Fig. S7 and [Supplementary Appendix 6](#ap6){ref-type="app"}, available at NEJM.org). We found that the frequency of the risk allele of the lead variant at 3p21.31 (rs11385942) was higher among patients who received mechanical ventilation than among those who received oxygen supplementation only in both the main meta-analysis (odds ratio, 1.70; 95% CI, 1.27 to 2.26; P=3.30×10^−4^) and the meta-analysis corrected for age and sex (odds ratio, 1.56; 95% CI, 1.17 to 2.01; P=0.003) ([Supplementary Appendix 7](#ap7){ref-type="app"}, available at NEJM.org). Furthermore, the 19 patients who were homozygous for the rs11385942 risk allele were younger than 1591 patients who were heterozygous or homozygous for the nonrisk allele (median age, 59 years \[interquartile range, 49 to 68\] vs. 66 years \[interquartile range, 56 to 75\]; P=0.005). Available variant database entries suggest that the frequency of this risk allele varies among populations worldwide (Fig. S8 in [Supplementary Appendix 1](#ap1){ref-type="app"}).

*ABO* Locus {#sc2.4}
-----------

At locus 9q34.2 the association signal coincided with the *ABO* blood group locus ([Figure 3B](#f3){ref-type="fig"} and Fig. S9 in [Supplementary Appendix 1](#ap1){ref-type="app"}). Accordingly, the distribution of ABO blood groups (predicted from combinations of genotypes of three different SNPs) was skewed among patients with Covid-19 who had respiratory failure, as compared with the distribution among control participants. In the meta-analysis corrected for age and sex, we found a higher risk among persons with blood group A than among patients with other blood groups (odds ratio, 1.45; 95% CI, 1.20 to 1.75; P=1.48×10^−4^) and a protective effect for blood group O as compared with the other blood groups (odds ratio, 0.65; 95% CI, 0.53 to 0.79; P=1.06×10^−5^). Details are provided in [Supplementary Appendix 8](#ap8){ref-type="app"}, available at NEJM.org. Both associations and effect directions were consistent in the separate Spanish and Italian case--control analyses. We found no significant difference in blood-group distribution between patients receiving supplemental oxygen only and those receiving mechanical ventilation of any kind. The ABO blood-group frequency distributions in public registries are provided for comparison in [Supplementary Appendix 8](#ap8){ref-type="app"}, along with details of the results presented here, and corroborate our observations.

HLA Analysis {#sc2.5}
------------

Given its important role in several viral infections, we scrutinized the extended HLA region (chromosome 6, 25 through 34 Mb). There were no SNP association signals at the HLA complex that met even the significance threshold of suggestive association: P\<1×10^−5^ (Fig. S10 in [Supplementary Appendix 1](#ap1){ref-type="app"}). Dedicated analysis of the classical HLA loci showed no significant allele associations with either Covid-19 or disease severity (oxygen supplementation only or mechanical ventilation of any kind), and further analysis of heterozygote and divergent allele advantage or predicted number of HLA-bound SARS-CoV-2 peptides did not show significant associations with Covid-19 in this data set (see the HLA Analyses section in [Supplementary Appendix 1](#ap1){ref-type="app"} and [Supplementary Appendix 9](#ap9){ref-type="app"}, available at NEJM.org).

Discussion {#sc3}
==========

Using a pragmatic approach with simplified inclusion criteria and a complementary team of clinicians at the European Covid-19 epicenters in Italy and Spain and scientists in the less-burdened countries of Germany and Norway, we performed a GWAS that included de novo genotyping for Covid-19 with respiratory failure in approximately 2 months. We detected a novel susceptibility locus at a chromosome 3p21.31 gene cluster and confirmed a potential involvement of the ABO blood-group system in Covid-19.

On chromosome 3p21.31, the peak association signal covered a cluster of six genes (*SLC6A20*, *LZTFL1*, *CCR9*, *FYCO1*, *CXCR6*, and *XCR1*), several of which have functions that are potentially relevant to Covid-19. A causative gene cannot be reliably implicated by the present data. One candidate is *SLC6A20*, which encodes the sodium--imino acid (proline) transporter 1 (SIT1) and which functionally interacts with angiotensin-converting enzyme 2, the SARS-CoV-2 cell-surface receptor.^[@r28],[@r29]^ However, the locus also contains genes encoding chemokine receptors, including the CC motif chemokine receptor 9 (CCR9) and the C-X-C motif chemokine receptor 6 (CXCR6), the latter of which regulates the specific location of lung-resident memory CD8 T cells throughout the sustained immune response to airway pathogens, including influenza viruses.^[@r30]^ Flanking genes (e.g., *CCR1* and *CCR2*) also have relevant functions,^[@r31]^ and further studies will be needed to delineate the functional consequences of detected associations.

The preliminary results from the Covid-19 Host Genetics Consortium^[@r32]^ include suggestive associations within the same locus at chromosome 3p21.31, which lend considerable support to our findings (Fig. S11 in [Supplementary Appendix 1](#ap1){ref-type="app"}). The consortium analysis also used population-based controls, but the patients included persons with mild Covid-19 and those with severe Covid-19. The parallel findings nevertheless underscore an important point about the ascertainment of patients and controls in genetic studies of Covid-19. Because the majority of patients with SARS-CoV-2 infection are asymptomatic, any sample involving patients with a positive nasopharyngeal RNA test is likely to hold a bias toward some degree of symptomatic burden. Two of the identifiers for inclusion in the current study were a positive result for the presence of SARS-CoV-2 according to PCR testing and receipt of respiratory support (an extreme Covid-19 phenotype). As such, it seems reasonable to conclude that the chromosome 3p21.31 locus is involved in Covid-19 susceptibility per se, with a possible enrichment in patients with severe disease. This latter interpretation is supported by the significantly higher frequency of the risk allele among patients who received mechanical ventilation than among those who received supplemental oxygen only as well as by the finding of younger age among patients who were homozygous for the risk allele than among patients who were heterozygous or homozygous for the nonrisk allele.

Nongenetic studies that were reported as preprints^[@r33],[@r34]^ have previously implicated the involvement of ABO blood groups in Covid-19 susceptibility, and ABO blood groups have also been implicated in susceptibility to SARS-CoV-1 infection.^[@r35]^ Our genetic data confirm that blood group O is associated with a risk of acquiring Covid-19 that was lower than that in non-O blood groups, whereas blood group A was associated with a higher risk than non-A blood groups.^[@r33],[@r34]^ The biologic mechanisms undergirding these findings may have to do with the ABO group per se (e.g., with the development of neutralizing antibodies against protein-linked N-glycans)^[@r36]^ or with other biologic effects of the identified variant,^[@r37]^ including the stabilization of von Willebrand factor.^[@r40],[@r41]^ The *ABO* locus holds considerable risk for population stratification,^[@r42]^ which is increased by the inclusion of randomly selected blood donors in the current study (for which there is an inherent risk of blood group O enrichment). Alignment of the allele frequencies at the *ABO* locus in our control population with those in several non--blood-donor control populations would suggest that this is not a major bias, and at least one study^[@r34]^ that tested for association with blood type used disease controls with no affiliation to blood donors.

The pragmatic aspects leading to the feasibility of this massive undertaking in a very short period of time during the extreme clinical circumstances of the pandemic imposed limitations that will be important to explore in follow-up studies. For example, to enable the recruitment of study participants, a bare minimum of clinical metadata was requested. For this reason, extensive genotype--phenotype elaboration of current findings could not be conducted, and adjustments for all potential sources of bias (e.g., underlying cardiovascular and metabolic factors relevant to Covid-19) could not be performed. Furthermore, we have limited information about the SARS-CoV-2 infection status in the control participants; this concern is mitigated by the fact that the presence of susceptible persons in the control group would only bias the tests toward the null. In addition, few restrictions were imposed during inclusion, which led to genotyped samples having to be excluded owing to differing ethnic groups (population outliers). Further exploration of current findings, both as to their usefulness in clinical risk profiling of patients with Covid-19 and toward a mechanistic understanding of the underlying pathophysiology, is warranted.
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![Timeline of Rapid Covid-19 Genomewide Association Study (GWAS).\
The main events and milestones of the study are summarized in the plot. Samples from patients in three Italian hospitals (hospital A: Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico, Milan; hospital B: Humanitas Clinical and Research Center, IRCCS, Milan; and hospital C: UNIMIB School of Medicine, San Gerardo Hospital, Monza) and four Spanish hospitals (hospital A: Hospital Clínic and IDIBAPS, Barcelona; hospital B: Hospital Universitario Vall d'Hebron, Barcelona; hospital C: Hospital Universitario Ramón y Cajal, Madrid; and hospital D: Donostia University Hospital, San Sebastian) were obtained around the peak of the local epidemics, and ethics applications were quickly obtained by means of fast-track procedures (i.e., every local ethics review board supported studies of coronavirus disease 2019 \[Covid-19\] studies by providing rapid turn-around times, thus facilitating this fast de novo data generation). All the obtained blood samples were centrally isolated, genotyped, and analyzed within 8 weeks. Control data were obtained from control participants and from historical control data in Italy and Spain. The rapid workflow from patients to target identification shows the usefulness of GWAS, a standardized research tool that often relies on international and interdisciplinary cooperation. One center alone could not have completed this study, not to mention the increase in statistical power that was available because of the contribution of patients from multiple centers. The speed of data production depended heavily on laboratory automation, and the speed of analyses reflects existing analytic pipelines and the support of public so-called imputation servers (here, the Michigan imputation server of the G. Abecasis group). QC denotes quality control.](NEJMoa2020283_f1){#f1}

![GWAS Summary (Manhattan) Plot of the Meta-analysis Association Statistics Highlighting Two Susceptibility Loci with Genomewide Significance for Severe Covid-19 with Respiratory Failure.\
Shown is a Manhattan plot of the association statistics from the main meta-analysis (controlled for potential population stratification). The red dashed line indicates the genomewide significance threshold of a P value less than 5×10^−8^. Figure S6 in [Supplementary Appendix 1](#ap1){ref-type="app"} shows Manhattan plots that include hits passing a suggestive significance threshold of a P value less than 1×10^−5^ (total of 24 additional suggestive genomic loci) (see the Supplementary Methods section and [Supplementary Appendix 4](#ap4){ref-type="app"}).](NEJMoa2020283_f2){#f2}

![Regional Association Plots of Susceptibility Loci Associated with Severe Covid-19 with Respiratory Failure.\
Bayesian fine-mapping analysis prioritized 22 and 38 variants for loci 3p21.31 (Panel A) and 9q34.2 (Panel B), respectively, with greater than 95% certainty. The linkage disequilibrium values were calculated on the basis of genotypes of the merged Italian and Spanish data sets derived from TOPMed (Trans-Omics for Precision Medicine) imputation. The positions in the genome assembly hg38 are plotted. The recombination rate is shown in centimorgans (cM) per million base pairs (Mb). The plot shows the names and locations of the genes; the transcribed strand is indicated with an arrow. Genes are represented with intronic and exonic regions. The purple diamond in each panel represents the variant most strongly associated with severe Covid-19 and respiratory failure.](NEJMoa2020283_f3){#f3}

###### Overview of Patients Included in the Final Analysis.[\*](#t1fn1){ref-type="table-fn"}

![](NEJMoa2020283_t1)

  Characteristic                                  Italian Hospitals   Spanish Hospitals                                                              
  ----------------------------------------------- ------------------- ------------------- -------------- ------------- -------------- -------------- --------------
  Median age (IQR) --- yr                         64 (54--76)         67 (57--75)         66 (56--74)    69 (59--75)   65 (56--72)    69 (60--79)    67 (57--75)
  Female sex --- no. (%)                          159 (32)            39 (28)             51 (27)        13 (29)       78 (34)        50 (25)        124 (41)
  Respiratory support --- no. (%)                                                                                                                    
  Supplemental oxygen only                        0                   70 (50)             67 (35)        7 (16)        105 (46)       106 (53)       255 (85)
  Noninvasive ventilation                         399 (79)            25 (18)             89 (46)        6 (13)        7 (3)          16 (8)         0
  Ventilator                                      104 (21)            45 (32)             33 (17)        31 (69)       116 (51)       77 (38)        46 (15)
  ECMO                                            0                   0                   3 (2)          1 (2)         0              2 (1)          0
  Hypertension --- no./total no. (%)              166/503 (33)        71/140 (51)         109/192 (57)   26/45 (58)    113/228 (50)   112/199 (56)   114/301 (38)
  Coronary artery disease --- no./total no. (%)   21/503 (4)          25/140 (18)         25/192 (13)    4/45 (9)      14/228 (6)     35/199 (18)    15/301 (5)
  Diabetes --- no./total no. (%)                  63/503 (13)         18/140 (13)         34/192 (18)    10/45 (22)    50/228 (22)    57/199 (29)    65/301 (22)

In Italy, hospital A was Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico, Milan; hospital B Humanitas Clinical and Research Center, IRCCS, Milan; and hospital C UNIMIB School of Medicine, San Gerardo Hospital, Monza. In Spain, hospital A was Hospital Clínic and IDIBAPS, Barcelona; hospital B Hospital Universitario Vall d'Hebron, Barcelona; hospital C Hospital Universitario Ramón y Cajal, Madrid; and hospital D Donostia University Hospital, San Sebastian. The predominance of men among the patients and the advanced age (median, \>63 years) were consistent across all the centers. The sample numbers provided are after quality control was conducted for the genomewide association study (Table S1C in [Supplementary Appendix 1](#ap1){ref-type="app"}). Allele distributions for detected risk variants at loci 3p21.31 and 9q34.2 in clinical subsets are shown in Table S2. ECMO denotes extracorporeal membrane oxygenation, and IQR interquartile range.

###### Susceptibility Loci Associated with Severe Covid-19 with Respiratory Failure.[\*](#t2fn1){ref-type="table-fn"}

![](NEJMoa2020283_t2)

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------
  Chromosome and Analysis                   Meta-analysis   Italian Panel   Spanish Panel                                                                    
  ----------------------------------------- --------------- --------------- --------------- -------------- ------ ------ ------------- -------------- ------ ------
  3p21.31[†](#t2fn2){ref-type="table-fn"}                                                                                                                    

  Main analysis                             1.15×10^−10^    1.77\           1.98×10^−7^     1.74\          0.14   0.09   1.32×10^−4^   1.85\          0.09   0.05
                                                            (1.48--2.11)                    (1.27--2.38)                               (1.50--2.28)          

  Analysis corrected for age and sex        9.46×10^−12^    2.11\           7.02×10^−8^     1.95\          0.14   0.09   1.17×10^−5^   2.79\          0.09   0.05
                                                            (1.70--2.61)                    (1.53--2.48)                               (1.76--4.42)          

  9q34.2[‡](#t2fn3){ref-type="table-fn"}                                                                                                                     

  Main analysis                             4.95×10^−8^     1.32\           2.90×10^−6^     1.37\          0.42   0.35   3.55×10^−3^   1.26\          0.42   0.35
                                                            (1.20--1.47)                    (1.20--1.57)                               (1.08--1.48)          

  Analysis corrected for age and sex        5.35×10^−7^     1.39\           5.31×10^−5^     1.37\          0.42   0.35   2.81×10^−3^   1.45\          0.42   0.35
                                                            (1.22--1.59)                    (1.17--1.60)                               (1.13--1.84)          
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------

The meta-analysis included 1610 patients and 2205 control participants; the Italian analysis, 835 and 1255, respectively; and the Spanish analysis, 775 and 950, respectively. Allele frequencies of the minor or risk allele (see below) are shown among the patients and the control participants. All the association test statistics were adjusted for the top 10 principal components from the principal-component analysis. Two analyses were performed: a main analysis, which was corrected for 10 principal components, and an analysis that was corrected for age and sex in addition to 10 principal components. In the analyses that were corrected for age and sex, 25 control participants were excluded from the Spanish analysis and the meta-analysis because of missing covariate data. The P values and corresponding odds ratios and 95% confidence intervals (CIs) are shown with respect to the minor allele. Association results for the recessive and heterozygous models for both meta-analyses (main and corrected for age and sex) are shown in [Supplementary Appendix 3](#ap3){ref-type="app"}. Covid-19 denotes coronavirus disease 2019.

For chromosome 3p21.31, the association boundaries for each index single-nucleotide polymorphism (SNP; see the Supplementary Methods section), with the genomic positions retrieved from genome build hg38, were chr3:45800446 through 46135604. The Single Nucleotide Polymorphism database (dbSNP) identifier was rs11385942 (the rs identifier from the National Center for Biotechnology Information, rs11385942, is annotated as chr3:45834968 through 45834969:AAA:AA in dbSNP, version 153, and as chr3:45834967:GA:G in the Trans-Omics for Precision Medicine \[TOPMed\] imputation reference panel). The SNP rs11385942 was imputed according to TOPMed with high confidence (TOPMed estimated imputation accuracy, R^2^=0.94 and R^2^=0.95 for the Italian and Spanish panels, respectively) ([Supplementary Appendix 2](#ap2){ref-type="app"}).The minor or risk allele was GA, and the major allele was G. The key genes (i.e., the candidate genes in the region) were *SLC6A20*, *LZTFL1*, *FYCO1*, *CXCR6*, *XCR1*, and *CCR9*.

For chromosome 9q34.2, the association boundaries for each index SNP, with the genomic positions retrieved from genome build hg38, were chr9:133257521 through 133279871. The SNP rs657152 was genotyped according to the Global Screening Array (GSA) in the Italian and Spanish panels ([Supplementary Appendix 2](#ap2){ref-type="app"}). The minor or risk allele was A, and the major allele was C. The key gene was *ABO*.

[^1]: Dr. Franke serves as an author on behalf of the Covid-19 Host Genetics Initiative; members of the Initiative are listed in [Supplementary Appendix 1](#ap1){ref-type="app"}, available at NEJM.org.

[^2]: Dr. Ellinghaus and Ms. Degenhardt and Drs. Valenti, Franke, and Karlsen contributed equally to this article.
